We previously showed that carbon ion irradiation can inhibit the expression of the anillin (ANLN) gene, which is regulated by the activation of the phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway associated with metastasis. The purpose of this study is to compare the effects of carbon ion irradiation on the PI3K/Akt signaling pathway to those of photon irradiation. Our study showed that carbon ion irradiation of human lung adenocarcinoma cells A549 decreased their invasion more effectively than photon irradiation did. We found that carbon ion irradiation reduced the nuclear localization of ANLN at lower dose, but did not affect its expression. Low-dose carbon ion irradiation also reduced the level of phosphorylated Akt compared to untreated controls, whereas photon irradiation did not. These results suggest that carbon ion irradiation effectively suppresses the metastatic potential of A549 cells by suppressing the PI3K/Akt signaling pathway.
INTRODUCTION
Clinically, ionizing radiation has been established as a highly effective modality for the local control of tumor growth. However, several authors have reported that photon beam irradiation enhanced metastatic processes of malignant tumor cells and angiogenesis at a sublethal dose. [1] [2] [3] Carbon ion with high linear energy transfer (LET) has been shown to be more effective for cell-killing effect than photon. 4) Carbon ion radiotherapy has established its efficacy by demonstrating superb results. 5) However, only a few studies have been conducted on the effects of particle beams on the functioning of cells with metastatic potential. We previously showed that carbon ion irradiation decreased cell migration and invasion in a dose-dependent manner in vitro. 6) In carbon ion-irradiated cancer cells, the number of pulmonary metastasis was decreased significantly in vivo. We also investigated the effect of carbon ion irradiation on the expression of genes associated with metastasis and angiogenesis of non-small cell lung cancer (NSCLC) A549 cells using microarray. 7) We found that carbon ion irradiation inhibited the expression of the anillin (ANLN) gene. ANLN is reported to be essential for the formation or organization of actin cables in the cleavage furrow and plays an important role in cytokinesis. 8) Suzuki et al. reported that ANLN was overexpressed most primary NSCLCs, and the endogenous expression of ANLN in the nucleus is significantly associated with the poor prognosis in patients with NSCLCs. 9) ANLN nuclear localization and stability are regulated by the phosphatidylinositol-3-kinase (PI3K)/Akt pathway.
9) The PI3K/Akt pathway is frequently found to be up-regulated in a wide range of tumors, and this triggers a cascade of responses, from cell growth and proliferation to cell survival and motility, which causes tumor progression. 10) We hypothesized that carbon ion irradiation inhibits metastatic potential by suppressing ANLN regulated by the activation of the PI3K/Akt signaling pathway. In this study, we report that carbon ion irradiation effectively suppresses the metastatic potential of A549 cells by suppressing the PI3K/Akt signaling pathway. 
MATERIALS AND METHODS

Cell culture
A549 human lung adenocarcinoma was obtained from American Type Culture Collection (Rockville, USA). A549 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM, Nihon Pharmaceutical Co, Tokyo, Japan) with 10% fetal bovine serum (FBS; BioWest, Nuaillé, France) at 37°C in a humidified atmosphere of 10% CO 2 and 90% air.
Irradiation
For carbon ion irradiation, cells were treated with 290 MeV/nucleon carbon ion beams at 6-cm spread-out Bragg peak (SOBP) center from the Heavy Ion Medical Accelerator in Chiba (HIMAC) at the National Institute of Radiological Sciences in Japan, for which the irradiation system and the physical properties of the beam have been described. 11, 12) The LET at the middle of the SOBP is approximately 50 keV/μm. 13) For photon irradiation, 4 MV X-rays from the linear accelerator at Osaka University Graduate School of Medicine were used at a dose rate of 1.0 Gy/min.
Chemotaxis assay
Chemotaxis was assessed with a 48-microwell chemotaxis chamber (Neuro Probe, Gaithersburg, USA) that was set a polycarbonate filter of 8-μm pores coated with collagen type I-C (Nitta Gelatin Inc., Osaka, Japan). The cells that had migrated to the bottom of the filter were fixed with 10% formalin and stained with 3.3 mmol/l hematoxylin. Cell migration was quantified by counting the number of stained nuclei under a light microscope (Nikon, Tokyo, Japan).
Matrigel invasion assay
Invasion of cancer cells was assessed by measuring the invasion of cells through transwell inserts with 8-μm pores coated with Matrigel (Becton Dickinson, Heidelberg, Germany). The number of cells that had invaded to the lower surface of the Matrigel-coated membrane was counted under a microscope (Nikon, Tokyo, Japan).
Western blot analysis
Whole-cell lysates were generated by lysing with radioimmunoprecipitation assay buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecylsulfate). Samples were prepared in sample buffer and heated at 95°C for 5 min. Samples were run on 7.5-12% polyacrylamide gels. The protein was transferred to nitrocellulose membranes (Whatman, Dassel, Germany), and the membrane was blocked for 1 h in TBST (Tris-buffer saline with 0.2% Triton X) containing 5% bovine serum albumin. The membrane was then incubated overnight with primary antibody at 4°C. Subsequently, the membrane was incubated with secondary antibody in room temperature for 1 h. Membranes were then developed by the enhanced chemiluminescence detection system (GE Healthcare BioSciences, Milwaukee, USA). Antibodies were purchased from the following sources: ANLN and β-actin were from Abcam (Cambridge,UK); phosphorylated Akt (Ser473) and total Akt were from Cell Signaling Technologies (Boston, USA).
Immunofluorescence staining
Cells were fixed in 2% paraformaldehyde solution for 15 min at room temperature, and then permeabilized with methanol for 2 min. After the cells were incubated with goat polyclonal antibody to ANLN, anti-goat immunoglobulin antibody conjugated with FITC was added as a secondary antibody to reveal endogenous ANLN. Fluorescence images were obtained with a laser-confocal microscope (Nikon, Tokyo, Japan).
Statistics
The results were expressed as means and standard deviations of at least three independent experiments. Statistical comparison was made by Student's t test, where P < 0.05 was considered significant.
RESULTS AND DISCUSSION
To know biologically equivalent doses for each radiation quality, we first examined the clonogenic survival using the colony formation assay (data not shown). The relative biological effectiveness value, calculated by the 10% survival dose relative to X-rays, was found to be approximately 2.0 for carbon irradiation. Therefore, in the subsequent assays, we applied the physical doses of carbon ion half physical doses for X-rays.
Cell migration and invasion are the fundamental components of tumor cell metastasis. To assess the effect of photon and carbon ion beams on cell motility, we examined the migration of irradiated A549 cells using a chemotaxis assay. At all iso-survival doses, carbon ion irradiation did not significantly inhibit cell migration compared to X-rays (Fig.  1A) . We then focused on the changes in the invasive capability of cancer cells after irradiation using the Matrigel invasion assay. At iso-survival doses, carbon ion irradiation (5 Gy) resulted in significantly diminished the invasion capabilities compared to X-ray irradiation (Fig. 1B) .
The expression levels of ANLN as determined by western blot analysis are shown in Fig. 2 . No obvious difference was found in the ANLN expression in the cells irradiated with carbon ion (0.25 and 1 Gy) or X-ray (0.5 and 2 Gy) compared with the untreated controls. However, higher dose irradiation with carbon ion beam (5 Gy) and X-ray (10 Gy) down-regulated the expression of ANLN by approximately 80%.
The subcellular localizations of ANLN using immunofluorescence staining at 24 h after irradiation are shown in Fig.  3 . For the untreated control cells, ANLN was observed in the nuclei and/or cytoplasm, with predominant distribution in the nuclei. Carbon ion irradiation (1 and 5 Gy) obviously decreased nuclear localization, while X-ray irradiation (2 and 10 Gy) decreased, without significance. However, irradiation with carbon ion (0.25 Gy) resulted in a decrease in the amount of ANLN in the nuclei, whereas X-ray irradiation (0.5 Gy) did not reduce the ANLN levels from those in the untreated controls. Suzuki et al. reported that ANLN expression in the nuclei is associated with a poor prognosis. 9) Since ANLN plays a significant role in pulmonary carcinogenesis through its interaction with the PI3K/Akt pathway, the results suggest that blockade of the ANLN pathway would offer a promising target for ameliorating Fig. 4 . Effects of irradiation on phosphorylation (Ser473) of Akt and total Akt expression of A549 cells at 24 hours after irradiation. β-actin was probed to show loading control. Values at the bottom of the gel represent ratios of irradiated to non-irradiated phosphorylated Akt levels, each internally normalized against the β-actin signal. cancer development. ANLN and RhoA, which is known to control the formation of actin structures, 14) were located together in the cytoplasm and in cleavage furrows. The Rho family (RhoA, Rac1, Cdc42) regulates a diverse set of biological activities including actin organization, focal complex/adhesion assembly, cell motility, cell polarity, gene transcription, and cell cycle progression. 15, 16) Rho proteins are overexpressed in several types of human cancers, 17) and enhance the migratory activity of mammalian cells through reorganization of the actin cytoskeleton; this process contributes to the invasiveness and metastatic potential of cancer cells.
18) Therefore, our data suggest that carbon ion irradiation effectively decreases invasion by suppressing the nuclear localization of ANLN expression.
To determine whether the activation of PI3K/Akt signaling, which regulates the nuclear localization of ANLN, was involved in the A549 cells response to carbon ion irradiation, we tested the Akt phosphorylation levels at 24 h after irradiation (Fig. 4) . A marked reduction in the level of phosphorylated Akt was found in cells treated with carbon ion at any dose (0.25, 1, and 5 Gy), while X-ray irradiation at 0.5 and 2 Gy caused no significant change in the phosphorylated Akt levels. Figure 5 shows the time course of Akt phosphorylation following irradiation. Carbon ion irradiation caused a timedependent reduction in phosphorylated Akt levels with decreases detectable after 4 h with the maximum decrease (about 0.5-fold) at 12 to 24 h after irradiation. However, photon irradiation at 0.5 Gy transiently increased the phosphorylated Akt at 0.5 h after irradiation by approximately 1.2-fold compared to non-irradiated cells. Cells treated with 10 Gy X-rays showed a modest decrease in phosphorylated Akt. The inhibition of PI3K/Akt signaling resulted in the dephosphorylation of ANLN and a decrease in its nuclear localization.
9) Therefore, our data suggested that the inhibition of PI3K/Akt phosphorylation by carbon ion irradiation might induce ANLN dephosphorylation and prevent its nuclear localization. The PI3K/Akt pathway is frequently dysregulated in cancer, and the activation of Akt is associated with cell proliferation, survival, migration, and invasion. 10) Many researchers have demonstrated that inhibition of the PI3K/Akt signaling pathway reduces the invasiveness of cancer cells. Körner et al. found that suppression of PI3K/ Akt signaling reduces invasion and metastasis in A549 cells. 19) Moreover, the PI3K/Akt pathway is involved in the most important mechanism of radioresistance because of intrinsic radioresistance, tumor-cell proliferation, and hypoxia. 20) Therefore, inhibition of the PI3K/Akt pathway offers an attractive therapeutic target for radiosensitization. Additional phosphorylation of Akt induced by X-ray irradiation is responsible for repairs of radiation-induced DNA damages. High-LET carbon ion irradiation is effective in killing cells with little cell-cycle and oxygen dependence of radiosensitivity. 4) These differences in the biological mechanisms between carbon ion and photon may be attributed to the PI3K/Akt pathway. The photon-promoted metastatic potential of cancer cells is involved in increased MMP (matrix metalloproteinases)-2 activity via the up-regulation of Akt phosphorylation. 21) MMP-2 can degrade type IV collagen, one of the major components of the basement membrane, resulting in the promotion of tumor invasion and metastasis. 22) Araya et al. reported that ionizing radiation enhances matrix metalloproteinase-2 production in A549 cells. 23) We previously showed that carbon ion irradiation inhibited tumor invasion concomitant with the inhibition of MMP-2 activity. 6) In conclusion, carbon ion irradiation decreased the amount of ANLN in the nuclei and phosphorylated Akt levels in A549 human lung adenocarcinoma cells. These results suggest that carbon ion irradiation effectively suppresses the metastatic potential of A549 cells by suppressing the PI3K/ Akt signaling pathway.
